To study the distinct influences of structure and function on evolution, we propose a minimalist model for proteins with binding pockets, called functional model proteins, based on a shifted-HP model on a two-dimensional square lattice. These model proteins are not maximally compact and contain an empty lattice site surrounded by at least three nearest neighbors, thus providing a binding pocket. Functional model proteins possess a unique native state, cooperative folding and tolerance to mutation. Due to the explicit functionality in these models (by design), we have been able to explore their fitness or evolutionary landscapes, as characterized by the size and distribution of homologous families and by the complexity of the inter-relatedness of the functional model proteins. Mindful that these minimalist models are highly idealized and two-dimensional, functional model proteins should nevertheless provide a useful means for exploring the constraints of maintaining structure and function on the evolution of proteins. Keywords: binding pocket/evolution/HP model/non-compact/ protein Introduction Minimalist models of proteins involve simplified representations of the polypeptide chain, a small number of amino acid residue types (a reduced alphabet) and the discretization of space so that the protein is restricted to lie on points on a lattice. Such models have long been applied to investigate aspects of protein structure and folding, from their inception (Taketomi et al., 1975) to the present, where they have been instrumental in the development of contemporary ideas (Leopold et al., 1992; Sali et al., 1994; Wolynes et al., 1995) about the landscape (or conformational potential energy hypersurface) that governs the protein folding process. The types of minimalist model and their applications are many and varied, as may be seen from recent reviews (Dill and Chan, 1997; Onuchic et al., 1997; Shakhnovich, 1997; Dobson et al., 1998) . Recently, attention has focused on the function and evolution of minimalist model proteins.
Introduction
Minimalist models of proteins involve simplified representations of the polypeptide chain, a small number of amino acid residue types (a reduced alphabet) and the discretization of space so that the protein is restricted to lie on points on a lattice. Such models have long been applied to investigate aspects of protein structure and folding, from their inception (Taketomi et al., 1975) to the present, where they have been instrumental in the development of contemporary ideas (Leopold et al., 1992; Sali et al., 1994; Wolynes et al., 1995) about the landscape (or conformational potential energy hypersurface) that governs the protein folding process. The types of minimalist model and their applications are many and varied, as may be seen from recent reviews (Dill and Chan, 1997; Onuchic et al., 1997; Shakhnovich, 1997; Dobson et al., 1998) . Recently, attention has focused on the function and evolution of minimalist model proteins.
Two recent studies have concentrated on the function of minimalist proteins. Pande et al. (1994) suggested a procedure to design renaturable heteropolymers that contain an active site capable of specific recognition of a given target ligand. This suggestion was based on the study of a 26mer, constructed from a maximally compact 27mer on a 3ϫ3ϫ3 cubic lattice, in which one residue was deleted to generate an active site. It was assumed that the 26 monomers and the target ligand could pre-organize and the monomers could then be instantaneously polymerized. It was then shown that, under certain conditions, the conformation resulting from instantaneous polymerization was stable and persisted.
Miller and Dill explored a similar idea (Miller and Dill, 1997) . They examined the folding of two-dimensional minimalist models in the presence of a ligand. A modification of the two-dimensional HP lattice model was shown to exhibit a variety of typical binding behaviors. This modification involved the introduction of a third monomer type, L (for ligand), in addition to the H (hydrophobic) and P (polar) types of the standard HP model (Lau and Dill, 1989) . A protein-ligand contact occurred when the ligand occupied a lattice site adjacent to the HP polymer. Sequences of 16 residues were examined. Approximately 11% of the uniquely folding sequences had native structures to which a ligand could bind. Other observed binding behaviors included binding to lowenergy non-native conformations. Complementing the work of Miller and Dill (1997) , we examine chains up to 20 residues in length and show that another minimalist model, in which functional proteins are required to be stable in the absence of the ligand, also supports ligand binding. Widening the scope of such studies, we go on to explore relationships between function and evolution.
Recent investigations of the evolutionary aspects of minimalist models have tended to equate functional efficacy with structure and folding integrity. Bornberg-Bauer (1997) and Renner and Bornberg-Bauer (1997) have examined the distribution of structures in sequence space for the HP model on the square lattice, noting that the evolutionary landscape should be related to the fitness of the proteins, but that it is generally assumed that function depends largely on structure. Mirny et al. (1998) have explored the evolution-like selection of fast folding 48mers on a cubic lattice, using the full alphabet of natural amino acids and a statistical potential (Miyazawa and Jernigan, 1985) . Govindarajan and Goldstein (1997a,b) have equated fitness with foldability, the ability of a protein sequence to fold into the structure with the lowest energy, and they have used this definition to explore the evolution of 27mer full alphabet model proteins. Finally, an elegant and simple spin glass model has been used to explore the influence of functional constraints on evolution (Saito et al., 1997) . These constraints were modeled as restrictions on the states of several arbitrarily chosen monomers. The model suggested that proteins can evolve folding ability through functional selection.
The above studies have provided many useful insights. Nevertheless, we believe that it would be useful also to study model proteins whose function is well-defined and clearly separable from purely structural considerations. The evolution of proteins is constrained by the need to maintain function in addition to structure. An explicit model of function would provide a natural definition of fitness and of changes in fitness, thus allowing the investigation of adaptive evolution. This provides our motivation for developing functional model proteins, which have a binding pocket, i.e. an empty lattice site surrounded by at least three occupied nearest neighbor sites. This requirement necessitates the consideration of model proteins whose native states are not maximally compact. In order to achieve this we have turned to a two-dimensional shifted HP model (Chan and Dill, 1996) , in which the interaction between two polar residues is repulsive rather than merely zero, thus providing a mechanism for stabilizing noncompact states. In this study we are interested in exploring the constraints of maintaining structure and function on the evolution of proteins. To do this, we generate functional model proteins, defined as follows. They are required to have a unique ground state. A basic structural and thermodynamic property of most real proteins is that they possess a single conformation as the global energy minimum. To ensure a cooperative folding transition, the model proteins must have an energy gap between the ground state and the ensemble of non-native states. Cooperative folding is a central feature of the thermodynamic behavior of real proteins. The basis for these requirements has been widely discussed, e.g. recently by Shakhnovich (1997) . To enable the study of function, the model proteins are required to have a binding pocket. Finally, to address evolutionary issues, the models will need to exhibit some tolerance to mutation (this requirement is not enforced, but arises naturally). The detailed definition of functional model proteins is discussed in the Materials and methods section. The model, while simple, contains the essential features required for studying function and evolution.
In this study, we show that using the shifted HP model we can indeed generate functional model proteins, which possess all the features described in the previous paragraph. These model proteins have unique and stable native states and binding pockets. Some of them have energy gaps between the native state and the non-native manifold. Many of the binding pockets are heterogeneous, thus providing specificity, and proteins exist within the model which are tolerant of sequence mutation inside the binding pocket and away from the binding pocket. Through straightforward definitions of function and fitness, we are able to characterize the evolutionary landscapes of the functional model proteins.
Materials and methods
In minimalist models, each amino acid residue is represented by a single bead. Space is discretized, which is to say that each bead of the polypeptide chain can only occupy certain sites of a lattice. Lattice sites may be occupied or empty. The lattice dictates the accessible bond angles. On a square lattice (two dimensional; coordination number ϭ 4) only bond angles of 90°, 180°or 270°are possible. Bonds between residues are only defined by the imposition of the constraint of connectivity; that is, if two residues are bonded, then they must occupy adjacent lattice sites. Even on a square two-dimensional lattice only relatively short chains can be considered (length Ͻ 25 beads). The chains have only pairwise nearest-neighbor interactions.
The total number of conformations, or states, that are accessible is a fundamental measure of conformational freedom. The enumeration process is based on counting all possible self-avoiding walks. A depth-first algorithm is used, which looks for the longest branch of the directed graph representing all possible self-avoiding walks. Each walk is continued until completed or until a dead end is reached. The algorithm 'backtracks' (Harel, 1987) when the entire length of the chain has been generated or when the chain cannot be extended further without crossing itself, by taking steps backwards along the existing chain until an alternative pathway can be found. In the enumeration, the two ends of the chain are treated as 722 distinct, and one only counts conformations that are not related by translation, rigid rotation or reflection. This definition allows the symmetry of the lattice to be exploited, and it is straightforward to convert the results obtained under this definition to those from other definitions. Chan and Dill (1989) have presented the relevant formulae for the conversion to other definitions (Orr, 1947; Fisher and Hiley, 1961; Ishinabe and Chikahisa, 1986) .
The use of a reduced alphabet of amino acids in minimalist models is based on the recognition that hydrophobic interactions are a dominant force in protein folding (Dill, 1990; Kauzmann, 1959) and that the binary pattern of hydrophobic and polar residues is a major determinant of the fold of a protein. These ideas have found recent experimental (Xiong et al., 1995; Plaxco et al., 1998) and theoretical support (Huang et al., 1995) . In the HP model (H representing hydrophobic residues and P representing polar residues), beads are one of two types, H or P (Lau and Dill, 1989 ). The interaction between two H beads is -|ε|, and zero for the other possible pairs. The encoding of a native fold is unchanged when all interaction energies are scaled by a positive multiplicative constant, so that the energy matrix of the HP model may be written:
( 1) 0 0 where every element has been scaled by |ε| -1 .
The HP energy matrix only involves attractions (H with H) and neutral interactions (P with P, and P with H). There are many other folding codes, i.e. the number of different types of beads and the set of energies describing the interactions between different bead types (Chan and Dill, 1996) . One variant we use in this study is a 'shifted' HP model. This model has native states some of which are not maximally compact and, thus, in some cases, have cavities or potential binding sites-a key property that is required in order to investigate ligand binding using these models. In a recent study, the conformations of a chain were enumerated in a defined non-compact volume, in which the occupation of certain lattice sites was forbidden (Mai et al., 1997) . We believe that the shifted HP model will provide greater generality. The model is based on shifting the average interaction energy to zero. For a general energy matrix, the average interaction energy is
where µ is the number of bead types (µ ϭ 2 for the HP model). The shifted energy matrix elements are then
Since the average interaction energy is zero, the energy matrix must contain both attractive and repulsive interactions. For the HP model, 〈ε〉 ϭ -1/3, thus the shifted HP energy matrix is Ϫ2 ϩ1
ϩ1 ϩ1 where all elements have been scaled by 3 |ε| -1 .
We conclude this section by briefly discussing the biological relevance of the shifted HP model. The most distinctive feature of the model is that it supports a significant number of proteins that can be characterized as functional. Function is a central biological property that has been less well studied by minimalist models compared with structure and thermodynamics. Aside from functional aspects, the biological relevance of HP models has been questioned with respect to the degeneracy of ground states and the cooperativity of folding (Shakhnovich, 1997; Buchler and Goldstein, 1999) . While it is difficult to assess what fraction of real polypeptide chains have non-degenerate ground states, ground states in the shifted HP model have lower degeneracies than the regular HP model (Chan and Dill, 1996) and as we discuss later they also exhibit more cooperative folding.
Results and discussion

Conformational space
We have identified functional model proteins from exhaustive searches through structure and sequence space for several different chain lengths. As others have observed (Chan and Dill, 1996) , in a search for all stable proteins, for each sequence one need only evaluate the energies of every unique contact map and not every unique structure. This is because two different conformations with the same contact map lead to the same energy for a Hamiltonian based solely on nearest neighbor contacts. If a protein is required to have a unique native structure, then the number of possible native structures is limited to the subset of unique contact maps that only occur for a single conformation (i.e. are non-degenerate). Nevertheless, the energies of sequences in conformations with degenerate contact maps must be evaluated in order to identify lowest energy structures. There is a symmetry between sequences, such that the set of 18 comprises pairs of sequences related by forwards/backwards reading, i.e. for each sequence read N-terminus to C-terminus, there is another corresponding to that sequence read C-terminus to N-terminus. These pairs adopt structures that are identical upon application of a translation or rotation. In Figure 1 , considering only the functional model proteins that are unrelated by this symmetry, we show the two different structures, and the sequences that adopt these structures. These shortest functional model proteins already exhibit a number of interesting features. First, they demonstrate that functional model The number of conformations, g(h), is given as a function of the energy, h (is in units of ε). proteins do exist within the shifted HP model. The native states are non-degenerate, and there is an energy gap between the native state and the first excited state, so they are stable (Table II) . As might be expected, the binding pockets comprise a polar loop which is pushed out and creates the pocket due to the repulsive interactions between polar residues. Such a mechanism would not exist in the standard HP model. Despite the predictability of the nature of the binding pocket, we do, in fact, see two types of binding pocket, one with five polar residues and one with six. We also see potential sequence variability both inside and outside the binding pocket-another key feature required for the study of evolution. The 11mer is the shortest possible functional model protein (for example, the 8mer consisting of just the binding pocket does not have a non-degenerate ground state) and does not fully exemplify the complexity of longer protein models. The 12mer is merely a decorated version of the 11mer. For the 12mer there are an additional two native structures with binding pockets, but these proteins do not tolerate any mutations. The 13mer is also similar, although the nature of the binding pocket is a little different. The additional residues outside the binding pocket are sufficient in number to stabilize a hydrophobic wall in the binding pocket. One of the 14mers is a stable native protein with a predominantly hydrophobic pocket. The 15mer generates a variety of interesting functional model proteins, including proteins with open and closed pockets, proteins with multiple binding pockets, and proteins with high tolerance to mutation. Some examples are shown in Figure 2 . The existence of functional model proteins with Figure 3 presents some of the more interesting 16mer functional protein models. In Table III , we summarize the number of functional model proteins found for each chain length and provide one measure of functional diversity. The majority of functional model proteins have binding pockets comprising three hydrophobic residues and five polar residues. However, the functional diversity increases modestly with chain length.
Cooperative folding
In our definition of functional model proteins, we have required that there is an energy gap between the lowest energy structure and the next lowest one. This requirement confers the important property of cooperative folding on our functional model proteins. There is some debate over what the exact requirement for cooperative folding is (Klimov and Thirumalai, 1996; Tiani et al., 1998) . While further discussion of this issue is beyond the scope of this work, our models do exhibit cooperative folding. For the standard HP model, Bornberg-Bauer (1997) reports that out of the 6349 18mers which had unique structures, only six had an energy gap. We observe 3684 18mers in the shifted HP model that have a unique structure and an energy gap; 819 of these possess a binding pocket and are thus functional. Chan and Dill (1996) noted that the shifted HP model leads to more sequences folding uniquely and more designable sequences. In addition, we note that the shifted-HP model gives more cooperative folding compared with the standard HP model.
Evolutionary landscapes
The constraints of maintaining structure, foldability and a binding pocket are all requirements for a functional model protein to be considered minimally fit, even before a consideration of binding affinity. An exhaustive search of the sequence space identifies the sequences that meet the above requirements and these sequences define the accessible, or potentially populated, portion of the evolutionary landscape. A key characteristic of the evolutionary landscape is its connectedness, that is, the distribution of minimally fit proteins related to one another by single point mutations. A completely disconnected landscape would comprise isolated minimally fit sequences none of which were inter-convertible by a single mutation. A completely connected landscape would mean that one could mutate any minimally fit protein to any other by a series of single mutations, and each connecting mutant would itself be a minimally fit protein. The requirement for evolution to proceed along continuous networks of functional proteins was identified more than 25 years ago (Maynard Smith, 1970) . A family of connected sequences may be termed a neutral net, as the minimally fit sequences are all equally fit and every connecting mutation is neutral with respect to fitness. The distribution of the sizes of families is summarized in Table  IV . The fraction of sequences that are intolerant to mutation (or the fraction of sequences in single member families) appears roughly invariant with sequence length (with a value of approximately 0.15), as does the median family size (with a value between 2 and 5). However, the size of the largest family is quite sensitive to sequence length, growing by two orders of magnitude, from 3 for 14mers to 576 for 20mers. The largest family (with 59 members) of the 19mer is shown schematically in Figure 4 as a graph. The nodes of the graph are the different functional model proteins and the edges of the graph are the single point mutations that relate the sequences to one another.
Aside from the distribution of the sizes of families, it is useful to characterize the complexity of the families. A highly interconnected family corresponds to a protein that will be potentially much more successful at evolving, although this will be modulated by differences in binding affinities. The complexity or inter-connectedness of the families may be characterized by the ratio of the number of possible single mutations to the number of sequences, or in graph theoretical terms the ratio of edges to nodes of the graph. This ratio is larger for more inter-connected networks. Data in Table V indicate that the overall connectedness of evolutionary landscapes is fairly insensitive to chain length. However, the complexity of the largest families grows with chain length. The evolutionary landscapes resulting from our model may be qualitatively compared with a previous study of an 18mer HP model (Bornberg-Bauer, 1997) . In the standard HP model 6349 18mer sequences belonging to 1475 families were found. For the shifted HP model and different viability criteria, we observe 819 sequences belonging to 187 different families. The mean family size is similar for the two models. BornbergBauer (1997) found the mean number of allowed mutations for the largest family to be 2.1; in our study, the largest family of 18mers has a mean number of 2.3 allowed mutations per sequence. Our viability criteria are more stringent, requiring both an energy gap and function, reducing the number of viable proteins. For example, the requirement for function reduces the number of viable proteins by a factor of 4.5. However, the properties of families seen in the two studies seem to be quite similar, although there are many less families in our study. The properties of the largest families of the 19-and 20mers in our study suggest that the evolutionary landscapes of longer chains may have significant differences compared with shorter chains.
As is apparent from our discussion up to this point, some basic characteristics of evolutionary landscapes may be determined without explicit reference to function. The functional model proteins developed in the work presented here, allow us to begin to investigate more complex features of evolutionary landscapes. The explicit definition of function in these models provides a means to study properties of evolutionary landscapes related to fitness. Previously, definitions of fitness within explicit lattice models have been restricted to binary values of fit or not fit. We start by simply taking the fitness of a protein to be directly related to the number of hydrophobic residues in the binding pocket. This choice mimics the non-specific binding of a hydrophobic ligand, with a linear dependence of binding affinity on the degree of hydrophobic character of the binding pocket. Clearly, other definitions of function could be chosen.
A useful measure to explore how functional differences modulate the connectedness of the evolutionary landscape is the ratio of neutral to adaptive mutations, i.e. the number of allowed mutations that conserve function compared with the number that do not. This measure provides an initial characterization of the fitness dimension of evolutionary landscapes. A deeper understanding of variations in fitness and the correlation structure of evolutionary landscapes is important; for example, in the development of general principles for protein design. Figure 4 suggests that in a family of 19mers comprising 59 sequences there is significant clustering of sequences with the same fitness. There are large connected networks of sequences with the same fitness. However, there are also many mutations that change fitness. Data in Table V indicate that ratio of neutral to adaptive mutations is approximately constant for different chain lengths. This ratio is similar for the largest families and for the entire population of sequences. This contrasts with the observation that the larger families are more interconnected than the general population of sequences.
Several extensions of our minimalist model should be explored before we make a detailed comparison of the results from our minimalist model with experimental data. At this stage, we note that interpretations of DNA sequence data generally accept the importance of neutral mutations as postulated by the neutral theory of molecular evolution (Kimura, 1968) , although this remains controversial with respect to molecular clocks, DNA polymorphism and gene genealogy (Takahata, 1996) . Further insights into the significance of neutral and adaptive mutations should be forthcoming from genome sequencing efforts. A recent study (Babajide et al., 1997) suggested that there are large neutral networks in protein space, based on computational modeling of the fitness of mutant sequences in native protein folds. Direct evolution experiments are another way of probing regions of sequence space not explored by natural evolution (Skandalis et al., 1998) . One study (Martinez et al., 1996) suggested that~15% of residues of dihydrofolate reductase encoded by the E.coli R67 plasmid were tolerant to mutation. This is in qualitative agreement with our results.
Conclusions
We have presented a minimalist model for proteins with explicit functionality. These proteins exhibit some functional diversity, although this is limited by the two-dimensional lattice, and more particularly by the HP model. The binding pockets of the functional model proteins comprise a single unoccupied lattice site, which is either open (has three nearest neighbors) or is closed (has four nearest neighbors). No binding pockets comprising two unoccupied lattice sites were observed. We have characterized the evolutionary landscapes of the functional model proteins. Mutations have been characterized as neutral or adaptive based on function, rather than structure as is often done (Babajide et al., 1997) . The fraction of sequences that are unrelated to other functional model proteins remains approximately constant with chain length, as does the median size of homologous families. However, the size of the largest homologous family grows quite notably with chain length. Thus, as chain length increases, the distribution of sizes of homologous families appears to become more skewed. The larger families become more interconnected as chain length increases, but the ratio of neutral to adaptive mutations remains fairly constant. Longer chains should better represent real proteins, so the observation that the largest families grow rapidly with chain length may have particular biological significance. It may be that the evolutionary landscape of real proteins comprises a very few highly interconnected families, with many different functions accessible within a family.
Aside from the observations made in the current study, the functional model proteins open up a number of interesting avenues to explore. For example, the explicit definition of fitness will permit simulations of populations across the evolutionary landscapes that we have characterized. As chain length increases, simulation of population dynamics is probably increasingly necessary in order to characterize fully the evolutionary landscape. Such studies, using explicit, albeit minimalist, models would complement more general analyses of evolutionary landscapes (Fontana and Schuster, 1987; Kauffman and Levin, 1987; Macken and Perelson, 1989; Kauffman, 1993) . The functional diversity of the functional model proteins may be increased by using larger alphabets of possible residue types. The investigation of larger alphabets may necessitate limiting the sizes of conformational space and sequence space. The former may be possible through a constraint on compactness. The latter may be realized through constraints on sequence composition. The investigation of these factors, as well as more detailed thermodynamic and kinetic characterization, are currently underway.
